Knowing the variances and heritabilities (h 2 ) of life history traits in populations living under natural conditions is necessary for a mechanistic understanding of respective evolutionary processes. I estimated heritabilities of several life history traits, including dispersal rate, body mass, age at first reproduction, egg mass, clutch size and lifetime reproductive success, in the Glanville fritillary butterfly (Melitaea cinxia) using parent-offspring regression. Experiments were conducted under field conditions in a large population cage (32 Â 26 m). Heritability estimates ranged from zero to almost one and several were significantly different from zero. Body size for both sexes, female age at first reproduction and egg weight were all moderately to highly heritable, whereas heritabilities were low or nonexistent in clutch size and lifetime egg production. Heritability estimates for dispersal rate varied between the sexes, so that dispersal was heritable from mother to her female offspring only. This finding is consistent with previous results showing that the F1 female but not male offspring of females that naturally established new populations in the field are significantly more dispersive than butterflies in old populations.
Introduction
Sufficient dispersal capacity is a fundamental prerequisite for a successful life history in most insects, as individuals typically need to fly to feed, mate and lay eggs. Dispersal may also help individuals cope with spatial and environmental heterogeneity (Clobert et al., 2001) as well as expand their ranges in changing environments Travis and Dytham, 2002) . The way that loss and fragmentation of natural habitats may affect the evolution of dispersal has received much attention in recent years (for example, Travis and Dytham, 1999; Van Dyck and Matthysen, 1999; Heino and Hanski, 2001; Hanski et al., 2004) . These studies have shown that, depending on the species (life history) and the degree of the habitat loss, fragmentation may select for either increased or decreased dispersal rate (Heino and Hanski, 2001) . Regardless of the direction of selection on dispersal due to fragmentation or other processes any evolutionary change assumes that dispersal rate is a heritable trait, which selection can act upon. Yet only few studies have tried to estimate heritability of dispersal rate directly, and none on butterflies, on which much research has been conducted on the likely consequences of habitat fragmentation (Thomas et al., 1998; Travis and Dytham, 1999; Thomas, 2000) and climate change (Parmesan et al., 1999; Hill et al., 2003) on dispersal rate.
In the case of the Glanville fritillary butterfly (Melitaea cinxia) in the Å land Islands in Finland, the habitat is extremely fragmented, and thus movement between discrete habitat patches requires at least moderate dispersal capacity (Hanski, 1999) . Increased flight capacity is beneficial especially in females, as it allows establishment of new populations and thereby for example helps avoiding inbreeding (Saccheri et al., 1998) . On the other hand, there are also costs to high dispersal rate, in particular due to increased mortality and reduced time for reproduction . Therefore, under certain conditions highly dispersive individuals may have reduced lifetime reproductive success and/or life expectancy (Hanski and Saccheri, 2006) . Previous studies have shown that fitness benefits of being dispersive or sedentary in the Glanville fritillary are highly dependent upon the spatial configuration of populations and habitat patches Saastamoinen, 2007b) .
The Glanville fritillary is regarded as a relatively sedentary species, as its lifetime dispersal distances are generally 1-2 km (Hanski et al., 2000) and the longest observed colonization distances are about 5 km (Hanski, 1999) . However, there is much variation in the flight capacity among individuals (Saastamoinen, 2007b) , and in particular Hanski et al. (2002 Hanski et al. ( , 2004 have shown that females originating from newly-established isolated populations are more dispersive in the field than those originating from old populations (based on a common garden mark-release-recapture experiment in the field). Comparable conclusions were drawn from a theoretical model and from physiological studies on the [ATP]/
[ADP] ratio in the flight muscles after constant forced flight and on the metabolic rate of females during active flight (Haag et al., 2005) . Furthermore, and importantly for the present study, females originating from newly-established populations have higher early-life mobility than old population females when mobility was measured in a large outdoor population cage Saastamoinen, 2007b) . These results have been explained by females establishing new populations, especially at isolated habitat patches, having greater dispersal propensity and/or dispersal capacity than the average female (Hanski et al., 2002) . This assumes that variation in dispersal propensity and/or capacity is due to one or more heritable traits, but so far direct measurements of heritability of any relevant traits have been lacking.
An intriguing result in the Glanville fritillary studies described above is that in all cases the difference in dispersal rate or related traits between individuals from newly-established versus old populations is only present in females (Hanski et al., 2002 . This may relate to the fact that even though both sexes disperse, dispersal has a different function in the two sexes. In females, flight is necessary for searching for nectar and oviposition sites within habitat patches as well as for dispersal to other patches, whereas in males mate searching is likely to be the key function of flight. Variation in dispersal capacity among males may be related to, for example, different mate searching strategies (perchers versus patrollers; Van Dyck and Matthysen, 1998) rather than to the ability to disperse from one habitat patch to another. Kuussaari et al. (1996) showed that in the Glanville fritillary males move more than females within habitat patches whereas females move more and longer distances than males between patches.
There are studies on insects that have investigated the heritability of dispersal capacity, either directly or by using surrogates such as wing length, but these studies have been mostly conducted in the laboratory (Dingle, 1991 and references therein) . It is possible that estimating heritability under laboratory conditions may not yield representative results for natural populations. Only a few studies have attempted to estimate heritability of dispersal capacity under natural or semi-natural field conditions (Keil et al., 2001) , most likely because of the difficulty of measuring dispersal rate in the field. Field studies also potentially suffer of increased phenotypic variation under variable natural environmental conditions (Roff, 2002) .
The aim of the present study was to estimate heritability of dispersal rate in the Glanville fritillary under the relatively natural conditions in a large outdoor population cage (32 Â 26 m). As dispersal capacity is closely related to other reproductively important life history traits (Saastamoinen, 2007b) , I also assessed the heritability of these other traits, including body mass, age at first reproduction, egg weight, clutch size and lifetime egg production.
Materials and methods

Study species and populations
In Finland, the Glanville fritillary butterfly (M. cinxia) occurs in the Å land Islands only, where it has a classic metapopulation (Hanski, 1999) . Of the roughly 4000 habitat patches in the entire study area, about 500 patches (small dry meadows) are occupied in any given year (Hanski, 1999) . There is a high rate of population turnover, with around 100 (mostly very small) local populations going extinct in each year and roughly the same number of new populations being established (Nieminen et al., 2004) . The Glanville fritillary has a univoltine life-cycle in the Å land Islands (Hanski, 1999; Nieminen et al., 2004) , and the flight season lasts from early June to mid-July. Females eclose with the full complement of oocytes in their ovarioles and they typically mate soon after eclosion (Saastamoinen, 2007a) . Females lay eggs in clutches of 130-160 eggs (Saastamoinen, 2007a) , and they can lay up to 1200 eggs in their lifetime Saastamoinen, 2007b) . Larval survival is positively correlated with larval group size (Kuussaari et al., 2004) , and a number of female traits, including mobility, affect both clutch size and lifetime egg production (Saastamoinen, 2007a, b) .
Parent generation:
In spring 2005, around 400 5th instar larvae were collected from 60 local populations around the Å land Islands to include the full range of genetic variation across the metapopulation. The larvae were reared in the laboratory under constant environmental conditions (12:12 L/D, 25 and 20 1C, respectively) with fresh plant material available at all times. Individual pupae were weighed 24 h after pupation with a Scaltec SBC 33 electrobalance (accuracy 0.1 mg) to determine body mass. Adult butterflies (125 and 117 females and males, respectively) were released into the population cage (below) on the day of eclosion (some butterflies eclosed in the evening and were released in the following morning). Prior to their release into the cage butterflies were calmed down by keeping them a short while (5-10 min) in þ 51C, after which they were weighed and individually numbered underneath the hind wing by a permanent marker.
Offspring generation: Offspring of the females that reproduced in the population cage in 2005 were reared under the same conditions as their parents (12:12 L/D, 25 and 20 1C, respectively) in the laboratory until diapause. After reaching the diapause the larvae were kept in small containers with no more than 50 larvae per container and placed in a storeroom with temperature around þ 3 1C. In 2006, 200 offspring (106 females and 94 males) from 33 randomly selected females were reared to adulthood. An identical experiment to that conducted on the parents was conducted with the offspring generation. The mother of all individuals was known and for 143 individuals both the mother and the father were known, as the mating was directly observed in the experiment on the parent generation. Offspring of each female are assumed to be full siblings as females only rarely mate more than once (Saastamoinen, 2007b) and in the experiment only larvae from the first clutch of eggs laid by each female were used.
Experimental set-up
The experiments on individually marked butterflies were conducted in a large population cage (32 Â 26 Â 3 m) built upon a natural habitat (dry meadow) in the field . The mesh that covers the cage prevents Heritability of dispersal rate M Saastamoinen butterflies from escaping yet allows natural environmental conditions (rain, sun and wind) inside the cage. Potted host plants, Plantago lanceolata (n ¼ 100) and Veronica spicata (n ¼ 100), were provided for oviposition in the central part of the cage, which was relatively bare of vegetation compared with the edges of the cage. The edges had higher vegetation and greater numbers of flowering plants that provided nectar for butterflies. The cage was divided into 8 Â 8 grid cells, which were surveyed systematically every second hour to gain information about the location and mobility (below) of butterflies. During these surveys mating pairs of butterflies were carefully recorded. Extra surveys were conducted during the warmer hours of the day to minimize the number of matings missed. Host plants were monitored continuously for ovipositing females.
The leaf on which the female laid her egg clutch was removed and the eggs were counted at the age of 3 days to determine the clutch size. The eggs and the larvae were reared in the laboratory under constant environmental conditions. Lifetime egg production was the sum of all clutches a female laid during the experiment. Egg clutches were gently separated from the leaf on which they were laid and weighed at the age of 5-6 days with a Scaltec SBC 33 electrobalance (accuracy 0.1 mg). The mean weight of individual eggs was obtained by dividing the weight of the clutch by the number of eggs. If there was any dirt in the egg clutch due to its position on the host plant (that is on a leaf that had been in contact with the ground) the clutch was omitted from the analysis.
As a measure of mobility in the cage I used the residual from the regression of the number of grid cells in which the butterfly had been observed against the number of observations during the surveys . The mobility measure was calculated separately for three periods in the life of each butterfly, from 0 to 3 days, from 4 to 8 days and 9 days and more, as previous studies have shown that it is the early-life mobility (0-3 days) in the cage that varies between females from newly-established versus old populations .
Heritability estimates
Heritability estimates for the different life history traits were obtained from the regression of offspring on parents. A mid-parent to mean offspring regression was done to estimate heritabilities for body mass and mobility. Single-parent to mean offspring regressions were done to find out the effects of mother and father separately on the heritability estimates. The phenotypic values were standardized for sex differences by subtracting the sex-specific mean value from each individual phenotypic value and dividing this by the sex-specific s.d. (Lynch and Walsh, 1998) . If the first heritability estimate detected no significant resemblance between parents (mid-parent or mother and father alone) and their offspring, a second set of analyses was performed separately for male and female offspring. As the phenotypic variances of body weight and mobility varied between the sexes, adjustment factors based on s.d. were used (male s. Falconer and Mackay, 1996) .
Mother-and her female-offspring regressions were conducted to estimate heritabilities of reproductive traits: age at first reproduction, egg weight, clutch size and lifetime egg production. As the variances of traits need to be equivalent between the parent and offspring generations (Lynch and Walsh, 1998) , heritability estimates were calculated for standardized phenotypic values. Both original (not corrected for body size) and sizecorrected (regressing egg weight against body mass) values for egg size were used, as egg weight may depend on body size. As the number of offspring per family varied all regressions were weighted as suggested by Roff (2002) . The weighting did not have much effect on the results, as family sizes did not vary greatly.
Phenotypic correlations among life history traits that yielded positive heritability estimates from motherdaughter regressions were calculated with standardized pooled data on mothers and daughters. The respective estimates of genetic correlations and their standard errors were calculated by using covariances of each character as explained in Falconer and Mackay (1996) .
Data analysis
All statistical analyses were performed with SAS (version 8.02; SAS Institute 1999) . Linear models (GLM procedure in SAS) were used to test whether the resemblance between parents and offspring varied between the sexes.
Results
Phenotypic values
The phenotypic values of the life history traits for both the parent and offspring generations are summarized in Table 1 . As the experiments were conducted under field conditions some variation between the generations inevitably occurs due to differences in environmental conditions between the years. In both males and females, the parent generation had somewhat heavier individuals than the offspring generation (t (105) ¼ À4.53, Po0.001 and t (133) ¼ À5.55, Po0.001, respectively), and females in the parent generation started to reproduce later in their life than in the offspring generation (t (104) ¼ À5.97, Po0.001). The average clutch size and lifetime egg production were also slightly different in the two generations (t (104) ¼ À1.87, P ¼ 0.071 and t (104) ¼ À2.28, P ¼ 0.025, respectively). 
Heritability estimates
The heritability estimates for body mass and mobility from mid-parent-offspring and one-parent-offspring regressions are given in Table 2 . Heavier parents produced heavier offspring but the resemblance was only weak (Table 2 ). The effect of mother's weight on offspring weight was much stronger than the effect of father's body weight (Table 2) . Heritability estimates for early-life mobility (0-3 days of age) from both mid-parent and one-parent regressions were close to zero (Table 2) . However, when different sexes of the offspring were analyzed separately, it became evident that one combination differed significantly from the others; the more mobile females produced more mobile female offspring (Figure 1) , and the estimate of heritability was significant and relatively high (h 2 ¼ 0.61; Table 3 ). A nearly significant interaction term between mother's mobility and the sex of the offspring in a covariance analysis confirmed that the resemblance between the mother and her offspring was dependent on the sex of the offspring (ANCOVA, mother's mobility Â sex, F 1,152 ¼ 3.3, P ¼ 0.07). When mobility was calculated for the other two age classes, 4-8 days and more than 9 days, the heritability estimates were not significantly different from zero (P-values between 0.24 and 0.83 for the different combinations).
The heritability estimate for female age at first reproduction was high (h 2 ¼ 0.78) and significant (Table 4 and Figure 2a ). Egg mass not corrected for body mass was almost significantly heritable, and for body masscorrected egg mass the heritability estimate was very high and significant (Table 4 and Figure 2b ). Of the female reproductive traits, heritability estimates for clutch size and lifetime egg production were very low and not significant due to relatively large s.e. (Table 4 and Figures 2c and d, respectively ). Table 5 shows both genetic (values below diagonal) and phenotypic (values above diagonal) correlations among the traits that showed positive heritabilities between mother and her female offspring. Calculating genetic correlations with relatively small sample sizes from natural populations involves problems and therefore s.e. are often high (Falconer and Mackay, 1996) . Positive genetic correlation, with relatively small s.e., was detected only between body mass and egg weight. There was also a significant phenotypic correlation in the pooled data (n ¼ 103) for these traits. There is a negative genetic correlation between body mass and early-life mobility, but the phenotypic correlation was not significant in this case (Table 5 ). All other correlations were non-significant (Table 5 ).
Genetic and phenotypic correlations among the life history traits
Discussion
Four of the six life history traits included in this study were significantly heritable, with values of h 2 ranging from 0. 29 to 0.97. These values can be considered to be moderate to high as heritability estimates for life history traits generally average around 0.25 (Roff, 2002; Roff and Fairbairn, 2007) . Heritabilities of clutch size and lifetime egg production did not differ from zero, suggesting that Figure 1 Mother-daughter regression for early-life mobility (o4 days) in 29 females and their daughters. For statistics see Table 3 . the values of these traits may be mainly determined by environmental conditions. This result is consistent with the expectation that selection reduces additive genetic variation of traits closely linked with fitness (Fisher, 1930; Mousseau and Roff, 1987) . There has been much research recently on dispersal in the Glanville fritillary (Hanski et al., 2002; Haag et al., 2005; Hanski and Saccheri, 2006) . Systematic differences between females originating from newly-established versus old populations in traits directly or indirectly related to dispersal are most naturally explained by nonrandom trait values of the founders of new populations, which are expected to be more dispersive than the average individual, and by inheritance of these traits by the offspring of the founding females. The present results demonstrate that mobility was highly heritable from mother to daughter (h 2 ¼ 0.61) but not from mother to son or from father to daughter or son. It is particularly noteworthy that in the natural populations, too, only females but not males in newly-established populations are especially dispersive . Another consistent result relates to the mobility of Figure 2 Mother-daughter regressions for age at first reproduction (a), egg size (b), clutch size (c) and lifetime egg production (d). Age at first reproduction and egg size were significantly heritable, whereas no significant heritability was detected for clutch size or lifetime egg production. All phenotypic values were standardized for equal variances. For statistics see Table 4 . Heritability of dispersal rate M Saastamoinen different-aged individuals in the population cage. A previous study found that only young (0-3 days old) females exhibited the difference in mobility between newly-established and old populations . Here the heritability estimate of mobility was different from zero only in the case of early-life mobility. A possible explanation of mobility being heritable only from mother to her female offspring is that the trait is sex-linked. In butterflies, females are the heterogametic sex (XY, also referred to as WZ) and males are homogametic (XX or ZZ). The resemblance between mother and her female offspring is therefore consistent with mobility being controlled by a locus or loci on the Y chromosome that is either absent from X or is present but suppressed (Nijhout, 1991 ). An alternative and more likely explanation is that mobility is dissimilarly expressed in the two sexes. The function of early-life mobility in males is likely to be primarily mate searching as most females only mate once and do so soon after eclosion (Saastamoinen, 2007b) . The measure of mobility used in the cage may not distinguish well differences in male movement behaviour, namely differences in mate searching strategies (Van Dyck and Matthysen, 1998) . In females, on the other hand, flight is necessary for searching for nectar and oviposition sites within habitat patches as well as for dispersal to other patches, and any differences in mobility among individuals may be easier to distinguish than in males. Possible maternal effects on mobility are discussed below.
Heritability estimates for dispersal-related traits in insects have been measured either directly or indirectly in numerous studies (Parker and Gatehouse, 1985; Dingle, 1991; Gu and Danthanarayana, 1992; Schumacher et al., 1997; Keil et al., 2001; Roff and Fairbairn, 2001 and references therein) and the estimates are often high, h 2 B0.5 or more (Dingle, 1991; Roff and Fairbairn, 2001 and references therein). Most of these studies were conducted in the laboratory under constant environmental conditions and hence the applicability of the results to natural populations is questionable. The study of Keil et al. (2001) is an important exception. They showed that estimated heritabilities of mobility in the codling moth (Cydia pomonella) were 0.43 in males and 0.29 in females based on two directional selection experiments, and they further demonstrated that dispersive and sedentary morphs performed accordingly when their dispersal rate was measured in the field (Keil et al., 2001) . High heritability of and apparently large genetic variation in the dispersal capacity of the Glanville fritillary raise questions about the factors responsible for the maintenance of such variation. Previous studies have indicated that the more mobile females acquire mates sooner and also initiate oviposition earlier than the more sedentary females (Saastamoinen, 2007b) . Age at first reproduction is an important life history trait in many species (Roff, 2002) . On the other hand, the reproductive significance of mobility in the Glanville fritillary depends on the age of the respective local population. In newly-established populations, where females are more mobile (Hanski et al., 2002) , mobility is positively correlated with lifetime reproductive success, whereas in old populations the opposite is true, and more mobile females have reduced lifetime egg production compared with sedentary females (Saastamoinen, 2007b) . It is therefore possible that genetic variation in mobility in the Glanville fritillary is maintained by spatial variation in the selection pressures between different population types in the metapopulation as a whole. In general, between-patch selection (colonization) favours dispersive individuals while withinpatch selection favours more sedentary individuals, which would allow metapopulation-level coexistence of phenotypes with different dispersal rates (Olivieri et al., 1995) .
Genetic variability of phenotypic traits that are selected for can be maintained if such traits are condition-dependent or if there exist trade-offs with other reproductively important traits (Roff, 1992 (Roff, , 2002 . A negative genetic correlation between early-life mobility and body mass in the present study suggests a tradeoff between these two traits. The correlation was insignificant when measured at the phenotypic level, which could be due to the 'silver spoon effect', whereby negative genetic correlation is masked by both traits being affected by the same favourable or unfavourable environmental factors (Grafen, 1988) . Alternatively, lack of phenotypic correlation may result from variation in allocation and resource acquisition patterns between dispersive-and non-dispersive individuals. In any case, genetic correlation between mobility and body size could act as a constraint to the independent evolution of these traits in the Glanville fritillary.
Body mass (pupal weight) was moderately heritable (h 2 ¼ 0.36), but a closer analysis indicated that the offspring resemble more closely their mother than their father and hence this correlation could be due to maternal effects (see below). Studies on other Lepidoptera have shown moderate to high heritability of pupal weight (for example, Bicyclus anynana; BJ Zwaan et al., unpublished in Fischer et al., 2004) . Body mass in butterflies often correlates with egg and clutch sizes. In the present study there was moderately high positive genetic as well as phenotypic correlation between body mass and egg weight. Stabilizing selection may maintain genetic variation (Roff, 2002) in body mass as selection may favour smaller individuals due to their shorter development time and earlier emergence (Wiklund et al., 1991) . In the Glanville fritillary, the relationship between body size and development time has been inconsistent in different years (Saastamoinen, 2007a) .
Mothers that laid heavy eggs produced offspring that also laid heavy eggs, and the heritability estimate was even higher when egg weight was corrected for female body mass. As maternal effects are likely to be mediated through maternal condition, which in turn is likely to be reflected in body mass, this result implies that maternal effects alone do not explain the resemblance between mothers and daughters. In the butterfly B. anynana, heritability of egg size was found to range from low to moderate (h 2 B0.4) based on parent-offspring regression (Fischer et al., 2004) . There is likely to be a fitness advantage of laying heavier eggs in the Glanville fritillary, as egg hatching rate is positively correlated with egg weight (Saastamoinen, 2007b) .
Age at first reproduction is often considered to be a key life history trait, which correlates with female lifetime fecundity (for example Roff and Fairbairn, 1991) , partly because early maturing individuals have higher probability of surviving to maturity (Stearns, 1992) . In the Glanville fritillary, females eclose with the full complement of oocytes in their ovarioles, and hence the age at first oviposition reflects either egg maturation rate, the rate at which the female acquired a mate, or both. Delayed age at first reproduction can in some cases be compensated for by further growth or increased lifespan, and may hence have fitness benefits (Roff et al., 2006) . As body size is determined at eclosion in butterflies the former hypothesis is not plausible. Whether individuals that delay their age at first oviposition have longer lifespan is not known for the Glanville fritillary, but this is likely to depend on the environmental conditions and thus vary between years. In the present study age at first oviposition was highly heritable from mothers to daughters. As discussed above, maintenance of variation in this trait is likely to be due to environmental plasticity, as the benefits of reproducing at an early age are surely condition dependent and vary between the years.
A potential problem in estimating heritabilities with parent-offspring regression in populations under field conditions is that assessing the amount of maternal effects on the additive genetic variance is not possible and that the common environment affecting the traits of both the mothers and the offspring may bias heritability estimates (Falconer and Mackay, 1996) . The latter is however not a problem in the present study as different generations were faced with different natural environmental conditions. On the other hand, the environmental conditions the mothers faced during their development may affect their offspring, which might cause overestimation of the heritabilities of some traits. Body mass and egg mass are two traits that may well be affected by maternal effects, but it is less obvious how maternal effects could affect the heritability estimates of mobility, especially as mobility was significantly heritable only from mothers to daughters.
Recent studies on birds have shown that maternal effects can be strongly sex-specific and apparently play an important role in the evolution of sexual dimorphism (Badyaev, 2005; Badyaev et al., 2005 Badyaev et al., , 2006 . Sex-specific maternal effects can arise by for example, mothers allocating variable amounts of nutrients or hormones to sons and daughters in relation to their own condition (Badyaev et al., , 2006 . Whether in the present study the estimation of heritability of mobility between mother and her female offspring is inflated by maternal effects only expressed in females remains an unanswered but intriguing possibility.
Conclusion
These results support the previous inferences from observational data that dispersal rate is heritable in the Glanville fritillary, though only from the mother to her female offspring (Hanski et al., 2002 . The most likely explanation for the maintenance of variation in dispersal rate is spatially varying selection pressures in the metapopulation, for which there is also direct empirical evidence (Hanski and Saccheri, 2006; Saastamoinen, 2007b ). The present results are among the first to demonstrate significant heritability for dispersal in an insect population under field conditions.
